Cytochrome P450 (CYP) 3A4 is the most promiscuous of the human CYP enzymes and contributes to the metabolism of Ϸ50% of marketed drugs. It is also the isoform most often involved in unwanted drug-drug interactions. A better understanding of the molecular mechanisms governing CYP3A4 -ligand interaction therefore would be of great importance to any drug discovery effort. Here, we present crystal structures of human CYP3A4 in complex with two well characterized drugs: ketoconazole and erythromycin. In contrast to previous reports, the protein undergoes dramatic conformational changes upon ligand binding with an increase in the active site volume by >80%. The structures represent two distinct open conformations of CYP3A4 because ketoconazole and erythromycin induce different types of coordinate shifts. The binding of two molecules of ketoconazole to the CYP3A4 active site and the clear indication of multiple binding modes for erythromycin has implications for the interpretation of the atypical kinetic data often displayed by CYP3A4. The extreme flexibility revealed by the present structures also challenges any attempt to apply computational design tools without the support of relevant experimental data.
C
ytochrome P450 3A4 (CYP3A4) is the most abundant of the xenobiotic-metabolizing CYP isoforms, and interactions with CYP3A4 must always be taken into consideration during the development of new medications (1) .
In recent years, a number of structures of mammalian CYP isoforms, including CYP2C5 (2), CYP2C9 (3, 4) , CYP2C8 (5), CYP2B4 (6) , CYP2A6 (7) , and CYP3A4 (8, 9) have been solved. All of these structures were determined from modified versions of the protein where the N-terminal transmembrane helix was truncated and, in some cases, a number of mutations aimed at increasing solubility were introduced. The mammalian CYP structures all adopt the general CYP fold first described in 1987 when the structure of the bacterial P450 CYP101 was determined by x-ray crystallography (10) .
The ligand-free structure of CYP3A4 was published in 2004 by two independent groups (8, 9) . These structures are very similar (11) . The most remarkable features are the short F and G helices (nomenclature adapted from Poulos et al.; ref. 10) and a large, highly ordered hydrophobic core of phenyl alanine residues above the active site (8, 9) . CYP3A4 is known to metabolize large substrates such as bromocriptine (M r 655 Da) and cyclosporine (M r 1,203 Da). A number of studies also indicate that CYP3A4 displays ligand binding that does not follow Michaelis-Menten type kinetics, and it has been suggested that two or more ligand molecules can bind to the CYP3A4 active site simultaneously (12) (13) (14) (15) . In light of these observations, the volume of the active site in the published ligand-free structures is smaller than expected, comparable with the active-site cavity seen in CYP2C9 and CYP2C8, which led Williams et al. (8) to speculate that conformational changes may occur upon ligand binding. There are two CYP3A4-ligand complex structures published to date with metyrapone and progesterone (8) . Metyrapone is bound via its pyridine nitrogen to the heme iron, in agreement with UV-visible absorption spectroscopy. Progesterone was not localized in the active site but was found in a peripheral site suggested to be an effector site. Surprisingly, the protein conformation in both complexes is very similar to the ligand-free structure (rmsd for all C ␣ atoms is 0.46 and 0.55 Å, respectively). However, both metyrapone and progesterone are small (M r 226 and 314 Da, respectively) and may not require conformational changes in the protein. Erythromycin, a large CYP3A4 substrate (M r 734 Da) was present during crystallization in the experiments described by Yano et al. (9) . However, although addition of the ligand improved crystal quality, there was no evidence of bound erythromycin in the electron density (9) .
The lack of conformational changes in response to ligand binding is in contrast with recently published work on rabbit CYP2B4 describing how different types of ligands induce remarkable conformational changes, demonstrated both by isothermal calorimetry and x-ray crystallography (6, 16, 17) .
The aim of this work was to obtain structural information on CYP3A4 in complex with larger ligands and, thus, probe conformational changes. We hypothesized that ligand-induced conformational changes must occur also in CYP3A4 and, therefore, great effort was made to characterize the protein-ligand complex before crystallization. We choose to focus on ketoconazole and erythromycin (Fig. 1) . The antifungal drug ketoconazole is a well characterized inhibitor of CYP3A4. Upon binding, it gives rise to a type II spectrum, indicative of direct heme binding, and complex formation thus can be followed spectrophotometrically during all stages in complex formation and crystallization. The macrolide antibiotic erythromycin was chosen because its properties in terms of heme coordination, size, and charge distribution are very different from ketoconazole, which would improve the probability for identification of a distinct set of interactions with CYP3A4. The resulting CYP3A4-ligand complex structures reveal a remarkable flexibility, which sheds light on the structural basis of ligand promiscuity, and have implications for efforts aiming to construct structure-based models for CYP3A4 inhibition and metabolism.
Results and Discussion
Initial studies using dynamic light scattering showed that addition of ketoconazole to purified N-terminally truncated CYP3A4 maintained in a buffer designed to stabilize the ligand-free enzyme (8, 9) caused protein aggregation (data not shown). By modifying the buffer composition, notably by lowering the salt concentration and by adding a polar solvent such as acetonitrile or dioxane, ligand-induced aggregation could be avoided. The preformed complexes then could be crystallized.
The structure of the CYP3A4-ketoconazole was determined to 2.8-Å resolution (see Table 1 and Methods). Upon binding of ketoconazole, the protein undergoes some dramatic conformational changes where the position of secondary structure elements are shifted relative to their positions in the structures of ligand-free CYP3A4. A superposition of the ketoconazole complex and the ligand-free structures yield a rmsd of 1.6 Å for all C ␣ atoms. The structural elements affected by the conformational changes include both those defining the active site and structural elements further away from the active site ( Fig. 2A) . The most prominent conformational changes are seen in helices F and G and the intervening loops. The hydrophobic cluster consisting of Phe-213, Phe-215, Phe-219, Phe-220, Phe-241, and Phe-304 seen in the ligand-free structures is broken up, and some of the hydrophobic side chains are exposed to the surrounding medium. The ligand-induced exposure of a hydrophobic patch on the protein surface provides a possible explanation for the need for a buffer with relatively low polarity. Residues 210-213, which lack secondary structure in the ligand-free structure, have adopted a helix-like shape that prolongs the F helix by one extra turn. An implication of the novel conformation of the F-FЈ loop is that Arg-212, which is found in the active site in the ligand-free structures, is located on the surface of the protein in the ketoconazole complex. Similarly, Leu-211, which is located on the protein surface in the ligand-free structures, is inside the active site in the ketoconazole complex. This orientation is in line with the observation that a phenylalanine substitution of this residue affects homotropic cooperativity in testosterone binding (13) . ‡ R factor ϭ ͚ʈFo͉ Ϫ k͉Fcʈ͚͉͞Fo͉ where Fo and Fc are the observed and calculated structure factor amplitudes, respectively. § The Free R factor was calculated as the R factor for 5% of the reflections that were not included in the refinement. Other notable changes include a shift of up to 4 Å of the loop connecting the C-terminal ␤-sheets and a distortion of the I helix cleft centered around residue 307 (maximum C ␣ shift: 2 Å). Interestingly, a similar distortion also was observed in the structure of P450eryF in complex with ketoconazole (18) .
A ketoconazole molecule with its imidazole nitrogen bound to the heme iron could unambiguously be modeled into electron density in all four molecules in the asymmetric unit (Fig. 3) . The ketoconazole keto group is located in a polar pocket lined by the side chains of Arg-372, Arg-106, and Glu-374. The interaction is stabilized further by hydrophobic interactions such as -stacking involving the chlorobenzyl ring and the side chain of Phe-304. Surprisingly, a second molecule of ketoconazole was identified in the active site, stacked in an antiparallel orientation above the first ketoconazole molecule. The keto group is hydrogen bonded to the side chain of Ser-119. The head group, containing the imidazole and chlorobenzyl moieties, extends toward the surface of the protein. This region is poorly defined and could not be modeled in all molecules in the asymmetric unit. Simultaneous binding of multiple ligands has been suggested to be a mechanism responsible for atypical kinetics often displayed by CYP3A4 (13, 14, 20) . The present structure provides structural evidence of simultaneous ligand binding in a mammalian P450 enzyme and an indication on how such drug-drug interactions, even between relatively large compounds, may occur. Although simultaneous binding of multiple ligands is thought to be a hallmark of CYP3A4, there are currently no reports in the literature on multiple binding events for ketoconazole. The hypothesis that the second binding site may be an artifact related to high concentrations of ketoconazole used in the crystallization experiments cannot be ruled out.
The CYP3A4 -erythromycin complex crystallized in the C222 1 space group and the structure was determined to 2.8 Å (see Table 1 for details).
The conformational changes induced by erythromycin were not as extensive as in the CYP3A4-ketoconazole complex; rmsd for all ordered C ␣ atoms was 1.2 Å when compared with the ligand-free structures. The most prominent differences are localized in the F-G region (Fig. 2B) . The loop connecting helices F and FЈ is poorly defined in the electron density and could not be modeled completely.
Electron density corresponding to the macrolide ring of erythromycin could be identified close to the heme group in one of the molecules in the asymmetric unit (Fig. 4) . The quality of the data did not allow complete determination of the molecular configuration. Therefore, the macrolide cycle as determined by small molecule crystallography (21) (Cambridge Structural Database entry NAFTAF) was fitted as a rigid body into the density. The sugar moieties then were adjusted to match the residual density in the active site (Fig. 4) . Because erythromycin is metabolized by demethylation of the D-desosamine group that is located 17 Å from the heme iron, it is clear that the model suggested by the x-ray data does not represent a productive binding mode. In contrast to the CYP3A4-ketoconazole interaction, the CYP3A4-erythromycin interaction is not characterized by high-quality interactions with the protein. In the final electron density maps, there was a substantial amount of residual density around the L-cladinose group, suggesting that other binding modes may exist. These data are in support of previous observations that a substrate may be localized inside the active site with no favored binding orientation (22) . Although the two molecules in the asymmetric unit were very similar (rmsd for all ordered C ␣ atoms was 0.52 Å), the electron density was considerable poorer in molecule B than in molecule A, and it was not possible to model the ligand. The differences in the protein structures were focused mainly in the FЈ-GЈ helices (residues 219-237), where the average differences in C ␣ positions is Ϸ1 Å in an optimal superposition of molecules A and B. This region is involved in crystal packing interactions in both molecules and the observed differences in protein-ligand interactions demonstrate how subtle variations in the external environment such as proteinprotein interactions or membrane composition may modulate ligand binding.
Surprisingly, the nature of the coordinate shift relative the ligand-free structure in the F-G region is different in the two structures presented here. In an optimal overlay including all C ␣ atoms in the structurally invariant part of the protein (see Methods), the average shift of the C ␣ atoms included in the F-G region (residues 202-260) in the ketoconazole complex relative to the ligand-free structure (Protein Data Bank code 1TQN) is 3.1 Å. The corresponding shift for the erythromycin complex structure is 2.8 Å. However, although helices FЈ and GЈ shifts are similar, coordinate shifts of residues in helices F and G have opposite direction (Fig. 2) . The average difference between the positions of C ␣ atoms for residues 202-260 in the ketoconazole and erythromycin complexes is 3.4 Å. The solvent accessible volume of the active site in the ligand-free structures was estimated to be Ϸ950 Å 3 (calculations performed by using the LIGSITE algorithm; ref. 23 ). In the ketoconazole structure, the volume is increased to 1,650 Å 3 . In the erythromycin complex, the shift of the F helix has resulted in a large open cleft, and determination of the boundaries of the active site becomes somewhat arbitrary, but it is estimated that the volume is Ϸ2,000 Å 3 . Despite the large increase in active site volume upon ligand binding, the conformational differences observed in CYP3A4 are less pronounced than those seen in the structures of CYP2B4 (6, 16, 17) (Fig. 5) . However, the conformational differences between the available CYP2B4 structures seem to be, at least in part, related to crystal contacts involving large parts of the active-site cavity CYP2B4 (6, 17) rather than ligand interactions. These structures are thought to represent membrane-bound conformations with open channels connecting the hydrophobic core of the membrane with the active site. The conformational changes in CYP3A4 largely map into three of the five plastic regions (PR), which were identified from the CYP2B4 structures (17) , suggesting that the existence of defined plastic regions may be a common feature for membranebound P450 enzymes. The largest conformational changes are seen in the region corresponding to PR4. In CYP2B4, this region comprises the C-terminal half of the F helix, helices FЈ, GЈ, G, H, and half of helix I together with the intervening loops. In CYP3A4, the observed structural plasticity in PR4 also extends toward the N-terminal side, connecting it with PR3, which contains the Cterminal part of helix E. Pronounced structural plasticity also is observed in PR5, which includes the C-terminal loop (residues 475-485). In contrast, there is very little flexibility observed in the regions corresponding to PR1 (the loop preceding helix A and most of helix A) and PR2 (helix BЈ, BЈ͞C loop, and helix C). For CYP2B4, shifts of helix C were suggested to be central to confor- mational transitions of PR2, PR3, and PR4 (17) , but the observations of structural flexibility in CYP3A4 suggest that these transitions can be independent of the C helix conformation.
The ligand-induced conformational changes reported here demonstrate the f lexibility of CYP3A4 and give some insights into how diverse substrates and inhibitors can be accommodated in the active site. The ability of the enzyme to accommodate multiple ligands simultaneously further adds to the promiscuity because the active site shape and charge distribution may be modulated by a second ligand. It is highly unlikely that the CYP3A4 conformational space has been covered by the present structures alone, and additional CYP3A4 -ligand complexes will be required to complete the picture. An implication of the structural f lexibility in CYP3A4 is that the development of general methods for prediction of binding modes and site of metabolism based on protein structures will be very challenging. The degree of success is likely to vary depending on the compound series of interest. Nevertheless, recent work within AstraZeneca demonstrates that the protein conformation seen in the ketoconazole structure performed well in structure-based site-of-metabolism predictions for many CYP3A4 substrates (24) .
The present structures of CYP3A4 also may have implications for the interpretation of kinetic data on drug metabolism. There are two main hypotheses to explain non-Michaelis-Menten kinetics and drug-drug interactions. One model involves multiple ligand-binding sites and kinetic models including two or even three sites have been described (13, 14, 20) . The other model relies on the existence of kinetically distinct conformers (25, 26) and is supported by presteady-state kinetics (25) as well as high-pressure spectroscopic experiments (15). Although it is not possible to draw any conclusions regarding the existence of multiple conformational states in the absence of ligands, the present structures show that CYP3A4 can adopt multiple ligandbound protein conformations and accommodate simultaneous ligand binding even of relatively large compounds. Based on the available data, none of these hypotheses can be excluded and it suggests, rather, that both mechanisms are available to the enzyme and may even be in play simultaneously. This adaptability is likely to be an explanation for the extreme chemical diversity in CYP3A4 substrates.
Methods Protein Expression and Purification.
A plasmid encoding human CYP3A4 was obtained from the LINK scheme (University of Dundee, Dundee, U.K.) and the coding sequence, modified according to Williams et al. (8) , was subcloned into the expression vector pCWori. CYP3A4 was produced in Escherichia coli XL1 blue cells grown at 25°C. The cells were collected 50 h after induction and disrupted in a high salt lysis buffer by passage once through a high-pressure homogenizer. CYP3A4 was purified by affinity chromatography with Ni-NTA resin (Qiagen, Valencia, CA), desalted, and then applied to a cation exchange column (HiTrap CM Sepharose; Amersham Pharmacia Biotech, Uppsala, Sweden) in the presence of 10 mM CHAPS.
Complex Formation and Crystallization. Different biochemical methods, e.g., dynamic light scattering and analytical ultracentrifugation, were used to identify a number of modifications to the buffer previously used in crystallization of the ligand-free CYP3A4 (8, 9) needed to avoid protein aggregation upon ligand addition. Crystals were obtained by the hanging-drop vapor diffusion method with protein at a concentration of 20-27 mg͞ml in a solution containing 50 mM potassium phosphate (pH 7.2), 0.2 mM potassium chloride, 20% (vol͞vol) glycerol, 2 mM DTT, and 1 mM EDTA. Ketoconazole or erythromycin dissolved in acetonitrile was added to the protein to yield a final compound:protein ratio of Ϸ10:1. Any undissolved compound was removed by centrifugation before setting up crystallization trials. Crystals formed over a period of 1-4 days at 20°C against a well solution containing 0.1 M Hepes (pH 7-7.5), 0.2 M lithium sulfate, 0.8-1.0 M lithium chloride, and 30% PEG 4000.
Data Collection and Structure Determination. Crystals were quickly passed through a crystallization solution supplemented with 20% glycerol and f lash-cooled in liquid nitrogen. Data were collected at beamline ID14 EH4 at a wavelength of 0.9760 Å. The data were processed by using MOSFLM (27) , scaled, and further reduced by using the CCP4 suite of programs (28) . The initial structure of the CYP3A4 -ketoconazole complex was solved by molecular replacement using the ligand-free form of CYP3A4 (Protein Data Bank ID code 1W0E) as a search model. Four molecules were found by using the program Molrep (28) . In all four molecules, portions of the model, including helices F to G, did not fit the electron density. Map improvement by water addition and atoms update by using ARP͞wARP (29) and REFMAC5 (30) followed by fourfold noncrystallographic symmetry averaging resulted in clearly interpretable electron density maps. Model rebuilding was performed within O (31), and refinement was performed by using REFMAC5. Tight noncrystallographic symmetry restraints were used in the initial rounds of refinement but were gradually released as the model improved. The CYP3A4 -erythromycin structure was solved by molecular replacement using the ligand-free form of CYP3A4 (Protein Data Bank ID code 1W0E) as a search model. Subsequent model building and refinement was done by using O and REFMAC5. For statistics for the final models, see Table 1 .
Structure Analysis. The different conformations of CYP3A4 and CYP2B4 were analyzed by using the program ESCET (32) . The largest identified structurally invariant region was used to generate an optimal superposition of structures. The conformationally invariant region for CYP3A4 comprises residues 30-107, 118-131, 138-145, 166-171, 224-228, 312-477, and 487-496, which corresponds to 65% of all ordered residues. The largest conformationally invariant part of CYP2B4 comprises 58% of the protein, including residues 28-37, 58-70, 73-99, 300-473, and 481-492.
